Iron-overload diseases frequently develop hepatocellular carcinoma. The genotoxic mechanism whereby iron is involved in hepatocarcinogenesis might involve an oxidative process via the intermediate production of reactive oxygen species. This was presently investigated by examining kinetics of formation and repair of DNA base lesions in primary rat hepatocyte cultures supplemented with the iron chelate, ferric nitrilotriacetate Fe-NTA (10 and 100 µM). Seven DNA base oxidation products have been identified in DNA extracts by gas chromatography-mass spectrometry, which showed a predominance of oxidized-purines (8-oxo-guanine, xanthine, fapy-adenine, 2-oxo-adenine) above oxidized pyrimidines (5-OHMe-uracil , 5-OH-uracil, 5-OH-cytosine) in control cultures. All these DNA oxidation products revealed a significant dose-dependent increase at 4 to 48 h after Fe-NTA supplementation, among which fapy-adenine showed the highest increase and 5-OH-cytosine was the least prominent. Involvement of iron in this oxidative process was established by a correlation between extent in DNA oxidation and intracellular level of toxic low molecular weight iron. DNA excision-repair activity was estimated by release of DNA oxidation products in culture medium. All the seven DNA oxidation products were detected in the medium of control cultures and showed basal repair activity. This DNA repair activity was increased in a time-and dose-dependent fashion with Fe-NTA. Oxidized-pyrimidines, among which was 5-OHMe-Uracil, were preferentially repaired, which explains the low levels detected in oxidized DNA. Since oxidized bases substantially differed from one another in terms of excision rates from cellular DNA, specific excision-repair enzymes might be involved. Our findings, however, demonstrate that even though DNA repair pathways were activated in iron-loaded hepatocyte cultures, these processes were not stimulated enough to prevent an accumulation of highly mutagenic DNA oxidative products in genomic DNA. The resulting genotoxic *Abbreviations: Fe-NTA, ferric iron nitrilotriacetate; ROS, reactive oxygen species; LMW, low molecular weight; GC-MS/SIM, gas chromatographymass spectrometry with selected ion
Introduction
Iron is an essential component in cellular metabolism and growth of all living species. Iron metabolism is well controlled in organisms by binding to proteins such as transferrin, lactoferrin and ferritin so as to minimize the amount of low molecular weight (LMW*) iron pool, which is the major source of metabolic and toxic iron for cells. In this way, iron is an important element that modulates the production of reactive oxygen species (ROS), which are thought to play a causative role in biological processes such as mutagenesis, carcinogenesis, reproductive cell death and aging (1) (2) (3) . The ability of iron to cause DNA damage most likely relies on the intermediate production of reactive oxygen species and on induction of oxidative stress (4) (5) (6) . Iron-induced hydroxyl radical formation can generate a multiplicity of DNA base modifications in kidney chromatin of animals, and DNAprotein crosslinks in isolated DNA (7, 8) . Most of these oxidative DNA lesions are known to be mutagenic (9) (10) (11) (12) (13) (14) . Thus, DNA damage accumulation could have considerable consequences for the cell in terms of mutagenesis and carcinogenesis (15-17). Therefore, DNA repair capacity is essential to prevent mutations and cell death (18, 19) . Little is known about the distribution and the efficiency of DNA repair systems. Recent studies were devoted to the repair of DNA oxidative damage in order to identify repair enzymes involved in this process (20, 21) . Repair of most forms of oxidative DNA damage is mediated via the base-excision pathway (22) , with preferential repair of some DNA modifications rather than others (23) . DNA repair capacity is then very important to investigate in order to clarify the biological relevance of accumulation of DNA lesions.
Under physiological conditions, the availability of iron for catalyzing oxidative reactions in vivo is extremely limited. However, oxidative reactions stimulated with iron can appear in iron-overload pathologies, such as hemochromatosis (24) . Iron-overload disorders cause organ injury, particularly to the liver, which is the major site of iron storage. In hemochromatosis, the risk of development of hepatocellular carcinoma is associated with an increase in iron deposition and in DNA synthesis (25) (26) (27) . Primary rat hepatocyte culture is therefore a good experimental model to study the effects of ironloading on hepatocyte DNA damage. In this model, iron supplementation was performed with the chelate ferric nitrilotriacetate (Fe-NTA), since it has been reported to rapidly enter the cells and to be a potent inducer of oxidative stress in hepatocyte culture (28) .
In the present work, we have studied the uptake and distribution of iron in Fe-NTA-supplemented hepatocyte culture. Levels of total intracellular iron and of LMW iron pool have been evaluated using atomic absorption spectrometry (AAS). These different forms of intracellular iron were related to the extent of DNA base oxidation in cultured hepatocytes using a gas chromatography-mass spectrometry (GC-MS) method (29) . In these experiments, seven oxidized base products were identified and quantified. In addition, the efficiency of cell DNA repair mechanisms was determined by analyzing the elimination of DNA base products from cellular DNA into culture media of iron-loaded hepatocytes. The effect of iron on oxidation and repair of each DNA oxidation product was investigated. Although an activation of DNA repair systems has been evidenced in the presence of iron, this did not prevent accumulation of DNA oxidation products in iron-loaded hepatocyte cultures, which resulted in the genotoxic action of iron.
Materials and methods

Materials
Nitrilotriacetic acid disodium salt (NTA), ribonuclease A (E.C 3.1.27.5), ribonuclease T1 (E.C 3.1.27.3), proteinase K (E.C 3.4.21.64), 6-azathymine, 8-azaadenine, isobarbituric acid (5-hydroxyuracil; 5-OH-Ura), 4,6-diamino-5-formamidopyrimidine (FapyAde), isoguanine (2-oxo-Ade), xanthine, acetonitrile and bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% of trimethylchlorosilane and formic acid were purchased from Sigma-Fluka Chemical Co. (Saint Quentin Fallavier, France). 5-Hydroxy-cytosine (5-OHCyt), 5-hydroxymethyl-uracil (5-OHMe-Ura), 7,8-dihydro-8-oxoguanine (8-oxo-Gua) were a gift from Dr J.Cadet (CEA Grenoble, France). Ferric ammonium citrate was obtained from Merck (Darmstadt, Germany). Iron standard for atomic absorption spectrometry [Fe(NO 3 ) 3 ] was purchased from Carlo Erba (Val Reuil, France). All chemicals and solvents used were of analytical grade.
Hepatocyte culture and treatment
Rat hepatocytes were isolated by perfusion of the liver of male SpragueDawley rats (300-350 g) with a collagenase solution, as previously described (30) . Usually, according to the experimental procedure, 20ϫ10 6 hepatocytes were plated in 175 cm 2 Nunclon flasks. At 4 h after cell seeding, a serumfree medium that consisted of 75% minimum essential medium and 25% medium 199 supplemented with 10 µg bovine insulin/ml, 0.1% bovine serum albumin, and 100 nM dexamethasone was added to the cultures.
Oxidative stress was induced by iron supplementation of primary rat hepatocyte culture as previously described (28) . Ferric iron nitrilotriacetate (Fe-NTA) was added in the culture medium to give a final iron concentration of either 10 or 100 µM per flask. Control cultures were maintained in the presence of NTA alone (200 µM). The cultures were incubated for 4, 24 or 48 h.
Iron content analysis by atomic absorption spectrometry Total iron. Cell cultures were rinsed and sonicated for 30 s in buffer TrisHCl (20 mM), EDTA (20 mM), NaCl (20 mM), pH 8. Cell lysates were analyzed directly by atomic absorption spectroscopy (AAS) and total iron (LMW iron plus iron stored in proteins) content was estimated. LMW iron. The procedure was the same as previously described for total iron estimation, but cell homogenates were first filtered through a 20 000-Dalton membrane ultrafilter (Sartorius, France) in order to eliminate the iron-protein fraction. This cut-off should eliminate iron located within proteins (31) . The filtrates were then analyzed directly by AAS. Analysis by AAS. Assays were performed on a Zeeman atomic Spectrometer (Spectra A300, Varian, Australia) equipped with a graphite furnace programmed as follows: drying 85-120°C, 55 s; ashing 800°C, 25 s; atomization 2300°C, 5-8 s; cleaning 2500°C, 3 s. Fe hollow cathode lamp was run at 5 mA and the wavelength was settled at 372 nm with a 0.2-nm wide slit. Iron concentrations were calculated using a standard curve, and results were expressed as nmol Fe/mg protein.
Measurement of DNA oxidation DNA extraction. Hepatocytes were washed with 0.01 M Na 2 HPO 4 buffer, pH 7.45 and recovered by centrifugation at 50 g for 5 min at 5°C. The buffer was discarded and the cells were suspended in 3 ml of buffer Tris-HCl (20 mM), EDTA (20 mM), NaCl (20 mM), pH 8. A 100-µl aliquot of cell homogenate was keep aside for protein content determination according to Bradford's method (32) . To avoid artifactual DNA oxidation during extraction procedure, the iron-chelator desferrioxamine Desferal (100 µM) was added before cell lysis with SDS (1% w/v). Enzymatic digestion was performed by incubating successively at 37°C with a mixture of ribonuclease A (0.5 mg/ ml) and ribonuclease T1 (10 IU/ml) for 30 min, and with proteinase K (1 mg/ ml) for 1 h. After extraction with an equal volume of cold mixture of chloroform:isoamylic alcohol (10:2 v/v), DNA in the supernatant was precipitated overnight at -20°C with isopropanol that contained 1% BHT to avoid artefactual DNA oxidation. After centrifugation (10 000 tr/min, 15 min), DNA was allowed to dry under nitrogen and redissolved in distilled water. DNA content was measured by UV absorbance at 260 nm (absorbance of 1 DO ϭ 50 µg of dsDNA/ml), a ratio A260/A280 higher than 1.8 represented a good purity for DNA extracts. This was verified by fluorometric concentration analysis using Hoechst dye 33258. DNA hydrolysis. DNA samples were evaporated to dryness. The internal standards azaT and azaA (4 nmol each) were added and DNA was hydrolyzed using formic acid (400 µl, 60%) for 30 min at 130°C. Derivatization. Hydrolysates were dried once more and DNA bases were derivatized at room temperature for 30 min in reaction vials sealed under argon, after adding 100 µl of a mixture of trifluoroacetic acid and BSTFA, which contained 1% of trimethlylchlorosilane and acetonitrile (10:80:10, v/v/ v). The reaction was stopped in ice (33) .
Measurement of DNA repair
Culture media (2 ml) were collected, supplemented with the above internal standards and filtered through a 20 000-Dalton membrane ultrafilter (Sartorius). Aliquots in triplicate (400 µl) of the filtrate were evaporated to dryness, and derivatized by adding 120 µl of a mixture of trifluoroacetic acid and BSTFA, which contained 1% of trimethylchlorosilane and acetonitrile (20: 
Oxidized DNA base analysis by gas chromatography-mass spectrometry According to Douki et al. (34) , the GC-MS with selected iron monitoring (SIM) analysis was performed on an HP 5890 series II gas chromatograph (Hewlett-Packard, Les Ulis, France) equipped with a capillary column (0.25 mm, 30 m) coated with 5% phenylmethylsiloxane (HP5-MS; HewlettPackard). The constant flow rate was 1 ml/min of helium as the carrier gas. The injections (2 µl) were performed by an autosampling injector (6890 series, Hewlett-Packard) in the splitless mode with a temperature of the injection port set at 250°C. The temperature of the oven was left at 100°C for 3 min, followed by an increase to 270°C at a rate of 7°C/min. Detection of positive ions was performed by an HP 5972 mass detector using electron impact ionization (Hewlett-Packard). Chromatograms were collected in the single-ion monitoring mode, recorded and treated using a chromatography software (MS Chemstation, Hewlett-Packard).
The concentrations of oxidized base products (nmol/mg DNA) were calculated using standard curves of chemically synthesized oxidized products with azaT and azaA as internal standards, respectively, for pyrimidine-and purine-derived oxidized bases. Guanine concentration was determined by a standard curve in nmol and then converted to mg of DNA in each sample, because of the relationship of 100 µg DNAϭ10.19 µg guanine. This value was correlated with spectrophotochemically and fluorometrically measured DNA concentrations.
Lactate dehydrogenase evaluation
Iron toxicity was studied by measuring LDH activity (mIU/ml) in culture media. This was estimated using an LDH kit (Bayer Diagnostic) adapted to the Acyon automatic analyzer.
Since iron at high concentration is a potent toxic agent, a decrease in cell viability was taken into account by expressing our results per mg DNA or per mg protein.
Statistics
The results were expressed as means Ϯ SD obtained from at least triplicate independent experiments. Data were analyzed using the Student's t-test. The minimal level of significance was P Ͻ 0.05.
Results
Cytotoxicity evaluation
Measurement of LDH leakage showed that Fe-NTA was toxic to primary rat hepatocyte cultures depending on the amount of added iron and of incubation time (Table I , bottom). The 10-µM concentration of Fe-NTA did not appear to be toxic when incubation time was Ͻ24 h, whereas the high 100 µM concentration of Fe-NTA induced cell toxicity after only 4 h of incubation. Induction of LDH leakage by iron was in relation to its uptake and distribution in cultured hepatocytes. Iron uptake and distribution Addition of iron to hepatocyte cultures resulted in an accumulation of the metal inside the cells that depended on its concentra- tion (10 µM and 100 µM) and on the incubation time (0-48 h). Total iron uptake increased early and progressively until 48 h of incubation ( Figure 1A) . A high amount of iron had penetrated inside the hepatocytes after 4 h of exposure to 10 or 100 µM of Fe-NTA, which represented, respectively, 50 and 25% of the final iron concentration found after 48 h of incubation. The LMW iron pool was also increased in a timeand dose-dependent fashion. This toxic iron pool depended on iron uptake and represented between 10 and 20% of total intracellular iron concentration ( Figure 1B) . Surprisingly, in experiments performed at 4°C (Figure 2 ), cellular iron uptake remained efficient, as we only observed a reduction of~50% of total iron uptake. Moreover, the proportion between total and LMW iron was in the same order in experiments carried out at 4°C or 37°C. Fig. 2 . Effect of low temperature on total iron uptake, LMW iron levels and global DNA oxidation in rat hepatocyte cultures with and without iron. These three parameters were estimated in hepatocyte cultures with and without Fe-NTA (100 µM) for 4 h at 37°C (plain bars) or at 4°C (hatched bars). Results are expressed as percentages of control values obtained at 37°C, which represents 100% and corresponds to basal levels. n ϭ 3 different experiments; *P Ͻ 0.01.
Iron-induced DNA oxidation
Using the GC-MS-SIM method, the following DNA base products were identified and quantified in cellular DNA: 8-oxo-guanine (8-oxo-Gua), xanthine (Xan), 4,6-diamino-5-formamidopyrimidine (FapyAde), 2-oxo-adenine (2-oxo-Ade), 5-hydroxymethyl-uracil (5-OHMe-Ura), 5-hydroxy-uracil (5-OH-Ura), 5-hydroxy-cytosine (5-OH-Cyt). Among these compounds, uracil derivatives were products of cytosine oxidation, except 5-OHMe-Ura, which was derived from thymine modifications. In addition, xanthine was considered to be a purine-oxidation product that came from adenine and guanine oxidation (35) . Other DNA oxidation lesions might have occurred in our sample. However, they were not estimated since the seven oxidized products were adequately representative of oxidation of each of the four DNA bases. FapyGua and 8-oxoAde were also identified according to their characteristic fragmentation profiles, but not quantified because of the lack of commercially available authentic materials. The results were in good agreement with previous studies, which showed that these compounds were not destroyed by 60% formic acid hydrolysis (7, 23, 29) .
All oxidized DNA bases were detected in control cultures a All values represent the mean Ϯ SD from n ϭ 3 hepatocyte populations from different rats. *P Ͻ 0.05; **P Ͻ 0.01 (versus control). (Table I ), which shows a basal level of oxidation. This background level of DNA lesions was in good agreement with previous data that used GC-MS, despite that most literature values were obtained by derivatization at high temperature (e.g. 36,37). Moreover in our laboratory, baseline levels of 8-oxo-guanine were very similar with the use of either GC-MS or HPLC-EC (6). Oxidized-purines were the most abundant base oxidation products in these controls, since they represented Ͼ80% of the total amount of oxidized products. Iron supplementation increased DNA oxidation in a dose-(10, 100 µM) and time-(4, 24, 48 h) dependent manner. All oxidation products were significantly increased over control levels in cellular DNA in as little as 4 h of treatment with iron (10 and 100 µM). Fapy-adenine appeared to be the most sensitive marker of iron-induced DNA oxidation since it showed the highest increase (51.4-fold) following 48 h of 100 µM Fe-NTA treatment, whereas the increase in 5-OH-cytosine was less prominent (5.2-fold) under the same conditions. Moreover, accumulation of oxidative DNA lesions depended on incubation time with iron. A correlation was established between DNA oxidation and either total iron uptake (r ϭ 0.999 and 0.985) or LMW iron pool (r ϭ 0.980 and 0.978) in hepatocytes supplemented, respectively, with 10 and 100 µM Fe-NTA. This confirmed the involvement of LMW iron forms in DNA oxidation process. In addition, the potent carcinogen nitrilotriacetate NTA alone did not cause any toxic effect towards DNA in hepatocyte cultures. Primary hepatocytes revealed a great DNA sensitivity to oxidative stress induced by iron.
Iron-induced modifications of DNA repair capacity DNA oxidized base products were evaluated in the culture medium concomitantly with their estimation inside the cells. This analysis provided information on the efficiency of DNA base-excision repair of this oxidative damage. All oxidized-base products detected in DNA extracts were also present in the culture media of control cultures (Table II) , which suggests a basal DNA repair activity. Spontaneous repair was essentially directed towards both 8-oxo-guanine and fapyadenine, since they had the highest levels in the control cultures. These two compounds were also the most important oxidation products detected in DNA extracts and their elimination in culture medium reflected an efficient basal repair activity.
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Global DNA repair was activated in a time-dependent manner upon addition of iron (Table II) . Moreover this repair was more efficient in 10 µM Fe-NTA-treated cells than in 100 µM Fe-NTA-treated cells, probably because of a deleterious effect of high Fe-NTA concentration. In this way, elimination of oxidized DNA bases markedly increased after only 4 h of treatment with 10 µM Fe-NTA, whereas no significant increase was noted until 24 h-treatment with 100 µM Fe-NTA. After 24-h and 48-h treatments, a sharp increase in release of DNA oxidation products was noted with both 10 and 100 µM Fe-NTA, which showed an activation of DNA repair mechanisms. Moreover oxidized pyrimidines, among which was 5-OHMeuracil, appeared to be preferentially repaired, and this probably explains the low levels detected in oxidized DNA. The elimination of oxidized purines was less important, which might also explain their accumulation in genomic DNA. Therefore, these oxidized DNA products substantially differed from one another in terms of excision rates from cellular DNA, which suggests the involvement of specific and different excision-repair enzymes. This could be confirmed by inhibiting DNA repair enzymes in low temperature experiments (Figure 2 ). Incubating hepatocyte cultures at 4°C should reduce activity of DNA repair enzymes (38) . In these 4°C experiments, the accumulation in genomic DNA of oxidation products was greater than in 37°C experiments, and a decrease of 50% in total iron uptake could be observed at 4°C. This showed that although iron content at 4°C was lower than that found at 37°C, iron-induced DNA oxidation remained high. This might be caused by the expected inhibition of DNA repair enzymes at 4°C, which leads to an accumulation of DNA oxidation products inside the cells. These experiments have confirmed the occurrence of baseexcision pathways in primary hepatocyte cultures that were subjected to an oxidative stress induced by iron.
Discussion
Iron overload-induced pathologies are major diseases that are often associated with iron-induced carcinogenesis (25, 39) . A relationship has been established between elevated body iron stores and increased risk of cancer (40, 41 ). An excess of iron deposition in the liver can induce fibrosis and then cirrhosis, the first step of primary liver cancer development (24) . Production of reactive oxygen species (ROS) is supposed to be mainly involved in toxicity induced by iron overload, and generates oxidative damage of cellular targets, such as lipids, with induction of lipid peroxidation (28, 42, 43) and DNA, to lead to genotoxicity and probably to carcinogenesis (6, 16) . Although iron is known to modulate ROS production, the investigation of a mechanism whereby iron induces carcinogenesis has only recently begun (44) .
In the present study, iron uptake and its distribution in LMW forms, and site-specific bound iron, have been defined using primary rat hepatocyte cultures. Differences in kinetic evolution between total and LMW iron pool, were observed. A saturation of total iron uptake occurred within 24 and 48 h, whereas the LMW iron pool progressively increased until 48 h. This constant increase in the LMW iron pool might be due to a limitation of iron storage in overloaded-ferritin or by a release from these storage molecules. In this way, an excess of ROS has been shown to stimulate release of LMW iron inside cells (45) . Moreover, a release of iron from ferritin or other nonspecific proteins could be induced by a decrease in intracellular pH, which resulted from an increase in lysosomal fragility during toxicity. Iron uptake was also noted in experiments performed at 4°C, whereas the active mode of iron penetration via transferrin endocytosis should be inhibited. Iron was able to enter the cells at low temperatures, probably by simple diffusion without temperature dependence (46) . This penetration could also be explained by the presence of Fe-NTAbinding proteins associated with the basolateral membrane of hepatocytes. These proteins have been reported to be responsible for the uptake of non-transferrin-bound iron in the liver (47) . These alternative mechanisms remained efficient at low temperature since iron-uptake was half of the values obtained at physiological temperature. Iron homeostasis in the nucleus is a relatively unexplored field. It has already been studied by cell fractionation and dosage of iron in nuclear fraction (48) , and by immunocytochemical detection of ferritin in hepatocyte nuclei of iron-overloaded mice (49) . Specific binding sites of iron have been identified in the nucleus as being iron-substituted zinc finger or nuclear ferritin (49, 50) . Although the presence of iron in the nucleus is now suspected, little is known about its transportation to the nucleus. A recent study has nevertheless reported an ATP-dependent process in the nuclear membrane that is associated with an accumulation of iron at this level (51) . The passage of iron through nuclear membrane should therefore be more widespread than is currently recognized.
A direct contact between iron and DNA could explain the accumulation of toxic lesions, as reflected by iron-induced oxidative DNA damage. In primary rat hepatocyte cultures, a basal level of DNA oxidized products that were probably generated during normal aerobic metabolism, has been detected (52, 53) . Moreover, it was shown that iron induced DNA base modifications in a time-and dose-dependent fashion, which is in agreement with experiments in other cell-culture models (7, 36, 54) . Our results clearly demonstrated an accumulation of oxidative DNA lesions in iron-loaded hepatocyte cultures that correlated with iron uptake and distribution. Therefore, iron is strongly suspected to induce genotoxicity. In this way, most DNA oxidation products detected in DNA extracts have been shown to be highly mutagenic, which leads to G→T transversions, and miscoding and reading errors by DNA polymerases (9, 55) . More precisely, oxidative products of cytosine, 5-OH-uracil and 5-OH-cytosine, can lead to G:C→A:T transversions and G:C→C:G transitions (10) , and can induce DNA mispairing in vitro (11) . The oxidation products of guanine and adenine, respectively 8-oxo-guanine and 2-oxo-adenine, have been reported to form base pairs with adenine and guanine instead of cytosine and thymine, which lead to errors in base pairing and then to mutations (55, 56) . The oxidized base 8-oxo-guanine is used as the most frequent marker of DNA oxidation, because it can also be estimated by an HPLC technique (57, 58) . This explains why most studies on DNA oxidation have examined 8-oxo-guanine, whereas other DNA oxidation products are also important to investigate in terms of mutagenicity. Accordingly, it has been found that seven oxidized DNA bases were overproduced in iron-loaded hepatocyte cultures, which is consistent with a promutagenic role of iron through DNA oxidation pathway. Moreover, Fe-NTA was presently shown to greatly induce hydroxylation of purines and pyrimidines, with the production of 8-oxo-guanine, 2-oxo-adenine, 5-OH-uracil and 5-OH-cytosine, which are typical products of hydroxyl radical attack (4, (57) (58) (59) . Accordingly, Fe-NTA is known to produce hydroxyl radicals through Fenton chemistry (35) , and DNA oxidation products that were detected in this study, have also been evidenced in vivo in a rat model of Fe-NTA-overloaded kidney, where Fe-NTA was already recognized as a carcinogen that induced DNA oxidation in association with proximal tubular necrosis and renal adenocarcinoma (7). Moreover, various other carcinogens have been shown to induce DNA oxidation with the production of 8-oxo-guanine (60-62) in relation to metabolism and carcinogen activation. This supports a role for DNA oxidation products as initiators of primary carcinoma development, and for the hepatocellular carcinoma observed in iron-overload pathologies. However, DNA oxidation products might not be the only possible lesions involved in the initiation of malignant hepatoma, as has been reported for hemochromatosic patients (63) . Nevertheless, our study strongly suggests that the mutagenic and carcinogenic potential of iron towards liver, probably act through ROS generation and DNA oxidation.
As a protective mechanism against mutagenic and carcinogenic processes, this study has located the repair of ironinduced DNA damage in primary rat hepatocytes, by estimating the extent of global DNA repair and by quantifying the release of each oxidized base in the culture medium of hepatocytes. Oxidized DNA base products can be repaired by base excision enzymes (19) , as shown in vitro in Escherichia coli (18) . Nevertheless, little is known about DNA repair activity in mammalian cells in response to oxidative stress induced by iron loading. Basal repair activity was detected in control hepatocytes, which especially concerned 8-oxo-guanine and fapy-adenine release, whereas iron-activated repair was essentially directed against oxidized pyrimidines, and this may explain the low levels detected in oxidized DNA. An activation of specific repair enzymes that preferentially acts on some oxidation products (20, 64) can therefore be suggested, and enzymes that repaired oxidized-pyrimidines appeared to be more easily inducible by iron-stimulated oxidative stress. Our results confirm previous findings based on [ 3 H]thymidine incorporation which showed that iron was able to induce both DNA synthesis and repair in rat hepatocytes (26) . However, despite the DNA repair activity that was evidenced and quantified in our experiments, no decrease in oxidized-base content was noted in the DNA extracts. This may be a result of continuous DNA oxidation still occurring, and producing more and more DNA oxidation products. This indicates the important significance of residual DNA damage in vitro, especially when considering further repercussions of an accumulation of DNA lesions.
In conclusion, our results demonstrate a great sensitivity of DNA to oxidative stress induced by iron in primary rat hepatocytes. DNA repair pathways were stimulated, but not sufficiently to be rid of the oxidative alterations. This resulted in an accumulation of oxidative DNA lesions with a predominance of oxidized purines, rather than oxidized pyrimidines, that were preferentially released in culture medium by base excision repair. The resulting accumulation of modified DNA bases in genomic DNA might contribute to increased genetic instability and represent a critical step in the initiation of iron-induced carcinogenesis. The measurement of pyrimidine and purine-derived lesions described herein might be a useful argument for establishing an association between the toxicity of a free radical-generating agent and an increased risk of cancer. Because mutagenesis has widely been recognized as a primary step in the complex outgrowth of cancer, this study could be relevant in understanding the iron-stimulated hepatic carcinogenesis process. Further studies are now in progress to elucidate a possible relationship between the extent of DNA damage and the expression of specific DNA repair enzymes.
